Patients with red hair are much more likely to have a variant of the melanocortin-1 receptor gene and this may affect sensitivity to general anaesthetics and pain response. We did a prospective, matched cohort study of 468 healthy adult patients undergoing general anaesthesia for elective surgery. All patients received an inhalational general anaesthetic. Anaesthetic drugs and doses used, hypnotic depth, recovery times, pain scores and quality of recovery scores were recorded. More men than women had red hair, so we did subgroup and multivariable analyses to account for this imbalance. There was no significant difference in recovery times, pain scores or quality of recovery scores in those with red hair. After adjusting for age, sex, American Society of Anesthesiologists physical status and duration of surgery, the recovery ratio for time to eye-opening in redheads was comparable to those with black or brown hair, 0.82 (0.57-1.19), P=0.30. We found no evidence that patient hair colour affects anaesthetic requirements or recovery characteristics in a broad range of surgical procedures.
There is some evidence suggesting that redheads are less sensitive to general anaesthetics and this has been linked to variants of the melanocortin-1 receptor (MC1R) gene [1] [2] [3] . This implies that redheads may be more likely to awaken during or early after anaesthesia when compared with those with other hair colours receiving the same doses of anaesthetic agents.
Natural hair colour is genetically determined, due to variation in the amount, type, and packaging of melanin produced by melanocytes [4] [5] [6] [7] . Melanin is the substance that gives skin, hair and eyes their colour, dependent on the relative amounts of the two forms of melanin, eumelanin and pheomelanin. People who produce mostly eumelanin tend to have brown or black hair; those who produce mostly pheomelanin tend to have red or blond hair 4, 5 . There is a natural range of skin and hair colour, which is controlled by multiple pigmentation genes in a complex manner. Not all of these genes are as yet known, but several key genes have been characterised 4, 8 . In humans the 'red hair colour' (RHC) phenotype is associated with allelic variants of the MC1R gene 5 . Mutations within this gene that reduce the function of the MC1R switch melanin synthesis to favour pheomelanin 4, 8 . Valherde et al 5 found at least one variant allele in 82% of individuals with red hair, 33% of those with blond/fair hair, and less than 20% of those with brown/black hair; changes in both alleles were exclusively associated with RHC (29%). Subsequent association, familial and functional studies have supported the role of mutations that significantly impair the function of the MC1R in the RHC phenotype in caucasians [8] [9] [10] [11] .
The MC1R is a member of a group of melanocortin receptors that are active in cells involved in adrenocortical steroidogenesis, and the body's immune and inflammatory responses, hypothalamic regulation of food intake, body weight, exocrine gland function and thermoregulation 12, 13 . A few previous studies have found that red hair may indicate a reduced sensitivity to general anaesthetics 1 and/or an altered pain response [13] [14] [15] [16] . In view of the limited data available we set out to examine the effects of hair colour on requirements and response to general anaesthesia, and on recovery from anaesthesia, in a cohort study in adults undergoing general anaesthesia for elective surgery.
MATERIALS AND METHODS
After ethics committee approval (approval number 02015/D) and informed consent, 468 of 500 adult patients enrolled in a concurrent study investigating the effects of sex on recovery after elective noncardiac surgery with general anaesthesia 17 were enrolled in this planned prospective cohort study. Patient enrolment occurred from 2003 to May 2007. Patients were included in the study if they were aged between 18 and 70 years, were American Society of Anesthesiologists physical status I or II, and were undergoing elective general, orthopaedic, urology, plastic or ear, nose or throat surgery. They were excluded if they did not receive an inhalational general anaesthetic, were undergoing sex-specific (gynaecology or prostatic surgery), emergency or high-risk surgery, were being treated with a major tranquilliser or lithium, or had a neurological condition.
All preoperative demographic and perioperative characteristics, details of medical and surgical history, smoking status and current medications were recorded. In addition, we specifically asked patients to describe their natural hair colour as either black, brown, blond or red, irrespective of their current appearance. Operative data including type and dose of anaesthetic drugs used, airway management, adverse intraoperative events, type and extent of surgery (minor, intermediate, major) and duration of anaesthesia were recorded. Postoperative sequelae including recovery room stay, adverse events and pain scores using a 10-point numerical rating scale were recorded.
Most aspects of anaesthetic and perioperative management were left to the discretion of the anaesthetist, but all relevant data were collected on a study case report form. General anaesthesia was induced with propofol (in all but two patients who received thiopentone) titrated to loss of consciousness and maintained using volatile anaesthesia (isoflurane, sevoflurane or desflurane) with or without nitrous oxide. Non-depolarising muscle relaxants, when used, were reversed with neostigmine and atropine. End-tidal inhalational agent concentration was monitored using the Datex-Ohmeda Aisys Carestation ® (GE Healthcare, Helsinki, Finland), which has an accuracy or ± 0.2%. Bispectral index (BIS) monitoring was used to measure the hypnotic component of depth of anaesthesia though administration of anaesthesia was not titrated to BIS. BIS measurements were made every five minutes for the first hour and then every 10 minutes for every subsequent hour. A time-averaged mean BIS score was then calculated for the duration of general anaesthesia. Intraoperative age-adjusted minimum alveolar concentration (MAC) was determined using an established nomogram 18 . We did not collect individual anti-emetic data, but for the vast majority the anti-emetic administered was ondansetron and/or dexamethasone.
Cessation of administration of general anaesthesia was timed for the patient to emerge from anaesthesia after final wound closure. Emergence from anaesthesia was timed from completion of wound dressing (= time 0) and included time to spontaneous eye-opening, time to obeying commands and the time spent in the recovery room (until eligible for discharge to the surgical ward). Quality of recovery was assessed on each of the first three days after surgery using the 40-item quality of recovery score 19 .
The primary outcome of the study was speed of recovery, using time to eye-opening, time to obeying commands and time spent in the recovery room. Secondary outcomes included pain scores (measured with an 11-point verbal rating scale) and quality of recovery (measured with the 40-item quality of recovery score).
Sample size calculation and statistical analysis
The sample size was based on our previous data for recovery times after intermediate surgery 20 , using a 15% reduction of a mean (SD) time to eye opening of 9 (4) minutes. With a type I error of 0.05 and a type II error of 0.2, we needed to enrol at least 170 patients per group. We expected to include over 400 patients in the study, allowing us to perform subgroup and adjusted analyses. Descriptive statistics are expressed as number (%) or mean (SD). Differences between groups were examined using analysis of variance, Student's t-test, Mann-Whitney U test, or chi-square test, as appropriate. We adjusted for sex imbalance using the Mantel-Haenzsel common odds ratio (OR) estimate. All analyses were performed using SPSS for Windows version 19.0. A P value of less than 0.05 was considered statistically significant.
RESULTS
Patient demographic and perioperative characteristics are reported in Table 1 . Black or brown hair colour was more common in males and so we undertook subgroup and adjusted analyses to account for the known effect of sex on anaesthetic drug responses 17, 21, 22 . Anaesthetic technique and drug administration were mostly comparable across the hair colour groups, with the exception of anti-emetic prophylaxis and avoidance of nitrous oxide, which were used more commonly in those with red hair, who were more likely to be female ( Table 2) . The apparent increased incidence of previous postoperative nausea and vomiting was not significant after accounting for the sex imbalance, Mantel-Haenzsel OR 1.7 (95% confidence interval: 0.71-4.2); P=0.33. There was no increased risk of postoperative nausea and vomiting after accounting for the sex imbalance, Mantel-Haenzsel OR 0.47 (95% confidence interval: 0.1-3.8); P=0.75.
The average BIS score during surgery, at wound closure and at the time of eye opening were comparable for each hair colour group (Tables 2  and 3 ). Patients with black hair, who were mostly male, had longer recovery times ( Table 2 ), but this apparent difference disappeared after adjusting for patient sex, age and duration of surgery (Table 4 ). We explored this probable confounding further by undertaking subgroup analysis of males and females separately ( Table 5 ), comparing those with dark (black or brown) versus red hair and could not identify any evidence of increased speed of recovery in the latter group. Nor was there any evidence of increased anaesthetic requirement in redheads, age-adjusted MAC 1.28 (0.27) vs 1.31 (0.34), P=0.46. This lack of difference was confirmed when stratified by patient sex (Table 5 ). There were no differences in intraoperative morphine administration, postoperative pain scores, nausea and vomiting, or overall quality of recovery as measured by the 40-item quality of recovery score (Table 3) .
DISCUSSION
We found no evidence that redheads had increased anaesthetic requirement or faster speed of recovery after surgery. Nor was there any evidence of a difference in pain response (as measured by morphine requirement), pain intensity (as measured by a numerical rating scale) or other adverse effects after anaesthesia and surgery. Our findings failed to support those of previous studies 1,2 . Liem and co-workers investigated healthy female volunteers with natural bright red (n=10) or dark (n=10) hair 1 . They specifically excluded women with chemical hair treatment and utilised spectrophotometric hair analysis to confirm the pheomelanin proportion. They also genotyped each participant using single nucleoptide poly-morphism analysis of MC1R alleles. Anaesthesia was maintained with desflurane and a noxious electrical stimulus was used to ascertain anaesthetic requirement. They found that desflurane requirement in redheads was significantly greater than in dark-haired women, 6.2% (95% confidence interval: 5.9-6.5) vs 5.2% (95% confidence interval: 4.9-5.5), P=0.0004. Nine of the 10 redheads were either homozygous or compound heterozygotes for mutations on the MC1R associated with RHC. In another study mice with an MC1R mutation with no receptor function and yellow coats were found to have slightly increased MAC when compared to controls 2 . In our study comparable BIS scores at equivalent levels of general anaesthesia suggests that redheads have similar sensitivity to the hypnotic effects of anaesthesia. This demonstrates that laboratory animal and human models may not replicate surgical stimulation, and they certainly do not replicate real world surgical practice. Our findings should alleviate any concern that RHC is a risk factor for awareness. An Australian study of twins and their siblings measured the strength of the relationship between allelic variants of MC1R and RHC 23 . There is a strong association (OR=63) between four common alleles and a weaker association (OR=5.1) with three other alleles. The strength of the association is such that in a cohort of 196 individuals two RHC mutations were present in 96% of individuals with self-described red hair 24 . A grouping of 'red' hair typically includes shades such as carrot red, strawberry blond and auburn. For this reason we did exploratory subgroup analyses to exclude those with blond hair and merge those with black or brown hair to simplify the analyses and interpretation, and increase study power.
MC1R is minimally expressed in brain tissue 13, 25 , and laboratory studies in mice and humans indicate a link between MC1R variants, pain tolerance and enhanced response to opioid analgesia 13, 16 . Further studies support these findings and suggest a role of MC1R in acute pain and pain of inflammatory origin rather neuropathic pain 15 . Liem and coworkers 14 found that redhead volunteers were more sensitive to cold pain (perception and tolerance) and demonstrated significantly less subcutaneous lignocaine efficacy when compared to dark-haired volunteers. This would suggest that analgesic requirements should be greater in redheads. In our study we found no difference in pain scores and opioid requirement in redheads. However, larger genetic association studies would be required to demonstrate a role of the MC1R in surgical pain.
We and others have found that women appear to be less sensitive to hypnotic drugs, as assessed by the doses required to achieve a similar hypnotic depth 17 , and faster recovery times following cessation of anaesthetic drug delivery 21, 22 . It is for this reason that we chose to undertake stratified and adjusted analyses in order to account for the overt confounding effect of patient sex.
There are limitations to our study. We excluded patients who received total intravenous anaesthesia. We did not use spectrophotometric analysis to establish RHC phenotype or undertake genetic analyses to look for mutations affecting the MC1R. However, the exclusion of blond hair from the subgroup combined with the evidence supporting the strong association between RHC and common MC1R variants would imply, although not establish, that the common MC1R mutations that impair receptor function would be highly likely to be present in the redheads in our study. Liem and co-workers acknowledged a similar assumption in their analysis of responses to thermal pain and lignocaine efficacy 14 .
In summary, we could find no evidence that a patient's natural hair colour meaningfully affects anaesthetic requirement, speed or quality of recovery times after surgery. That is, there is no evidence that redheads are at higher risk of awareness during anaesthesia.
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